The aim of this study was to evaluate the shear bond strengths of pre-and untreated resin core materials to lithium disilicate ceramics. Bond strengths to dental hard tissues served as controls. Ceramic cubes（IPS-Empress II）were luted either with a one-step（Variolink II/Excite DSC）or multiple-step total etching bonding system（Tetric Flow/Syntac Classic） to ground surfaces of human enamel, dentin, and resin core materials（Clearfil Core, Multicore） . Resin core materials were additionally pretreated with hydrofluoric acid（HF）or were silica-coated（CoJet System） . Shear bond strengths were determined after 24-hour water storage（n＝10）and thermocycling（TC） （n＝10; 2000 cycles, 5-55℃, 30 seconds） . Bond strengths to enamel, dentin, and silica-coated composites were significantly higher compared to untreated and HF-pretreated composites （p＜0.05; Tukey B） . Indeed, silica coating of the composite resins significantly increased the bond strength to ceramics （p＜0.05; Tukey B） .
INTRODUCTION
All-ceramic restorations have become increasingly popular in recent years, mainly due to improved adhesion technology and esthetic appearance. Silicabased ceramics are routinely luted adhesively to provide strength for the ceramic restoration and to ensure a secure attachment to dental hard tissues 1） . In contrast, high-strength ceramic materials （e.g., zirconia-based ceramics） offer the possibility to be luted either conventionally or adhesively 2） . Conventionally luted restorations require adherence to a well-defined preparation, whereas strict preparation guidelines do not exist for adhesively luted silicabased ceramic inlays and onlays -apart from the guarantee of a sufficient thickness of the ceramic 3,4） .
In this connection, it should be questioned if resin core build-ups should be considered a routine requirement in the preparation of ceramic restorations. Furthermore, it has been shown that ceramic materials exhibit reduced bond strength to polished or prepared composite resin surfaces 5） . A variety of techniques have been proposed to improve the bond strength of composite resin materials. These surface treatment methods range from roughening the surface（air-borne particle abrasion） or etching （with hydrofluoric （HF） acid） to silica coating. HF acid has been shown to be effective in roughening the composite surface so as to increase the bond strength of some resin composite materials 6） . In contrast, with some resin composites, treatment with HF did not bear out the intended effect of improved bond strength 7,8） . Alternatively, airborne particle abrasion with aluminum trioxide particles modified with silica -which has been introduced in the late 1980s 9） -has been proven to be effective for conditioning composite resins, high-strength ceramics, and metal surfaces 8,10,11） . The blasting pressure causes these silica-coated alumina particles to be embedded within the surface. Following the application of a silane coupling agent, the modified surface structure is thereby rendered more reactive with the resin, hence enabling chemical adhesion between both surfaces 12） . Numerous composite resin cements and adhesive systems are available for bonding silica-based ceramic restorations, and their performance has been investigated by several researchers 13-15） . It has been concluded that the clinical success of ceramic restorations hinges on both the luting cement and the cementation procedure 16） . Concerning the role of composite resin cements in luting ceramic restorations to dental hard tissues, several studies have been undertaken to investigate the bonding effectiveness of composite resin cements. However, information is scarce concerning the bond strength between dental hard tissues as well as resin core materials and ceramics. Therefore, the aim of this study was to investigate the effects of thermocycling and luting agent on the shear bond strength of lithium disilicate ceramics to the following surfaces: ground human enamel, ground human dentin, and two resin core build-up materials. Furthermore, the effects of various pretreatment procedures on the bond strength of composite resins to ceramics were evaluated. As such, the following null hypotheses were tested:
（1）Bonding surface and thermocycling procedure did not affect the bond strength of two different luting agents to lithium disilicate ceramics; and （2）Pretreatment of resin core build-up materials did not affect the bond strength to lithium disilicate ceramics.
MATERIALS AND METHODS

Preparation of ceramic cubes
A total of 320 lithium disilicate-reinforced glassinfiltrated ceramic cubes （2.5×2.5 ×2.5 mm 3 ） were fabricated from a heat-pressed ceramic（IPS Empress II, Ivoclar Vivadent, Schaan, Liechtenstein）according to the manufacturer's instructions. Wax models with three drainage channels were prepared and heatpressed with the ceramic material using the lost wax technique. Bonding surface of the ceramic specimens was treated using air-borne particle abrasion with 110 μm grain-sized aluminum oxide particles, at a pressure of 1 bar from a distance of approximately 10 mm for 15 seconds（Type 5423, Kavo, Leutkirch, Germany） . Subsequently, the specimens were cleaned in an ultrasonic bath （Sonorex Super RK 102 H, Bandelin, Berlin, Germany）containing distilled water for 10 minutes. The ceramic surfaces were air-dried, followed by etching with 5％ hydrofluoric acid（IPS Ceramic Etch, Ivoclar Vivadent）for 20 seconds. Finally, the specimens were rinsed thoroughly using water spray to remove residual acid, and coating of the air-dried surfaces was performed using a 3-methacryloxypropyltrimethoxy silane coupling agent （Monobond S, Ivoclar Vivadent） for 60 seconds before drying with air again. All materials used in this investigation are given in Table 1 . Bonding procedures were carried out in accordance with manufacturers' instructions by the same operator throughout the present investigation （Table 2） . Specimens were randomly assigned to 16 groups（n＝20） , and bonded to the surfaces presented in Fig. 1 Preparation of tooth specimens Enamel specimens （EnV, EnT） were obtained from freshly extracted human third molars（20 slabs）and wet-ground using silicon carbide paper （roughness: 26μm, 600 grit; Buehler, Düsseldorf, Germany） to the size of 2.5×2.5×2.5 mm 3 ; the size was controlled using a micrometer screw （Mitutoyo Messgeräte GmbH, Neuss, Germany） . Subsequently, the samples were fixed into methacrylate blocks. Surface of the specimens was ground again with silicone carbide abrasive paper （roughness: 26μm, 600 grit） under continuous water cooling to simulate the finish achieved with a red ring diamond bur（30μm） .
Dentin specimens （DeV, DeT） were obtained from freshly extracted human third molars（20 slabs; 2.5×2.5×2.5 mm 3 ）from a distance of approximately 2 mm below the enamel-dentin junction, and the surfaces were wet-ground（600 grit）as described above.
Preparation of composite resin specimens
Multicore HB Base and Catalyst （Ivoclar Vivadent） were mixed, applied to 120 molds of methacrylate blocks （2.5×2.5×2.5 mm 3 ） , and light cured for 40 seconds（Pulse Program: 150-1200 mW/cm 2 ; Astralis 10, Ivoclar Vivadent） . Accordingly, Clearfil Core Base and Catalyst （Kuraray, Osaka, Japan） were mixed, applied to 120 molds of methacrylate blocks, and polymerized for six minutes. In the control groups（CV, CT, MV, MT） , surface of the composite specimens was wet-ground（600 grit） . For the silica coating process（CCV, CCT, MCV, MCT） , 30-μm SiO 2 （CoJet-Sand, 3M ESPE, Seefeld, Germany） was applied onto the surface of composite resin specimens using an intraoral air abrasion device（Dento-Prep TM , Rønvig, Gries, Austria）from a distance of approximately 10 mm at a pressure of 2.3 bar for two seconds. Conditioned surfaces were then coated with a 3-methacryloxypropyltrimethoxy silane coupling agent （Espe-Sil, 3M ESPE） . As for pretreatment with hydrofluoric acid（CHV, CHT, MHV, MHT） , it was performed using 9.5％ hydrofluoric acid （Ultraetch, Ultradent, Salt-Lake City, Utah, USA） that was applied on the surface of composite resin specimens for 10 seconds. Subsequently, the specimens were rinsed with water and air-dried.
Bonding procedure
Ceramic cubes were placed on the bonding surface using a special luting device. This device was specially fabricated for the experimental setup and fitted exactly onto the resin blocks with a central opening according to the size of the ceramic cubes. Thus, it was guaranteed that the luting cement could pass off only through the drainage channels of the ceramic cubes in an occlusal direction（Fig. 2） . To obtain a standardized luting space of 50μm, a standardized pressure of 200 g was applied if using Excite DSC/ Variolink or 220 g if using Syntac Classic/Tetric Flow. This was because preliminary testing revealed that different loads had to be applied according to the luting agent used. Excess luting cement was gently removed and light curing was performed for 30 seconds（1200 mW/cm 2 ; Astralis 10） .
Shear bond strength test
In all groups, shear bond strength was determined after 24-hour water storage（n＝10）as well as after thermocycling（n＝10）using a universal testing machine（Zwick, Roell, Ulm, Germany） . Each specimen was loaded at a crosshead speed of 0.5 mm/min until fracture. Thermocycling was performed for 2,000 cycles in deionized water between 5℃ and 55℃ with a dwell time of 30 seconds in each bath and a transfer time of 20 seconds. Specimens were then fixed with screws in a shear bond test apparatus （Fig. 3） . Maximum failure load was recorded in Newtons（N） and converted into MPa by dividing the failure load by the bonding area（mm 2 ） . Failure modes were analyzed using a stereomicroscope（DV 4, Zeiss, Jena, Germany）at 40 × magnification and evaluated qualitatively according to the following categories:（1）adhesive failure between bonded surface and cement; （2） , adhesive failure between cement and ceramic;（3）cohesive failure inside cement; and （4） cohesive failure inside I＝shear bond strength after 24-h water storage; T＝shear bond strength after thermocycling. Fig. 2 Experimental setup. Specimens （enamel, dentin, resin core build-up materials） were fixed into a methacrylate block. Ceramic cubes were luted to the surface using a luting device to guarantee that excessive cement could pass only in an occlusal direction.
composite resin or tooth substrate.
Representative samples of non-and pretreated surfaces of both resin composites were additionally evaluated using scanning electron microscopy（SEM） （Cam Scan Maxim 2040, Cam Scan Maxim Electron Optics Ltd., Cambridge, UK） . Furthermore, the surfaces were exemplarily analyzed（n＝1 of each material） using a white light interferometer （TMS -650, Polytec, Waldbronn, Germany） to determine the mean surface roughness （Ra） . Measurements were performed using the overlay technique with a cutoff wavelength of 0.08 mm.
Statistical analysis
All statistical analyses were performed using a commercially available software（SPSS for Windows 12.0, SPSS GmbH, Munich, Germany） .
Differences in means of each group were analyzed by analysis of variance（ANOVA） . Post-hoc comparisons were performed using Tukey B. For pairwise comparisons, adjusted Mann-Whitney-U-Test was used. Level of significance was set at 0.05.
RESULTS
Shear bond strength test results
Shear bond strength was significantly affected by the bonding surface（p＜0.001） , luting cement（p＝0.011） , and thermocycling （TC） procedure （p＝0.014; 3-way ANOVA） . MT revealed a significant reduction in mean（SD）bond strength after TC［11.1（1.8）MPa］ compared to the unloaded specimen［17.5（7.3）MPa］ （p＝0.0083; adjusted Mann-Whitney-U-Test） . In contrast, TC had no significant influence on the shear bond strength of all other groups（p＞0.05; adjusted Mann-Whitney-U-Test） .
Without considering thermocycling, the mean shear bond strength to dentin was significantly higher for DeT［29.2（8.2）MPa］than for DeV［14.7 （3.6） MPa］（p＜0.05; adjusted Mann-Whitney-UTest） . In contrast MHFT showed a significantly lower shear bond strength value ［10.2 （5.7） MPa］ than MHFV ［17.2 （2.7） MPa］（p＜0.05; adjusted Mann-Whitney-U-Test） .
One-way ANOVA revealed significant differences among the various bonding surfaces （p＜0.001） . Mean（SD）shear bond strength to enamel［29.2（9.8） MPa］ and CoJet-pretreated Multicore surface ［28 （9.7）MPa］were significantly higher compared to all other investigated surfaces. Dentinal［22（9.9）MPa］ and CoJet-pretreated Clearfil Core［21.6（7.7）MPa］ surfaces showed significantly higher shear bond strength values than untreated and HF-pretreated composite resin surfaces（p＜0.05; Tukey B） （Fig. 4） .
The CoJet pretreatment of Multicore revealed a significantly higher shear bond strength value compared to CoJet-pretreated Clearfil Core surface （p＜0.05; Tukey B） , whereas untreated and HFpretreated surfaces showed significantly lower bond strength values compared to the CoJet treatment （Fig. 5） .
Failure mode analysis
Analysis of the failure modes is given in Table 3 . It could be seen that there were more cohesive fractures in CoJet-pretreated composite resins as compared to untreated and HF-pretreated composite resins.
SEM observations
Qualitative analysis of the pretreated composite resin surfaces using SEM revealed that the surface of Multicore exhibited a moderate roughening effect Fig. 3 For shear bond strength testing, methacrylate blocks were fixed with screws and ceramic cubes were loaded using a metal stamp until failure using a universal testing machine.
after HF pretreatment（Fig. 6b）as compared to the untreated surface（Fig. 6a） , whereas no effect of HF could be detected on the surface of Clearfil specimen （Fig. 7b） . Pretreatment with CoJet system on both composite resin core materials showed irregularities on the surface, creating a microretentive roughness that was more uniform for Multicore（Figs. 6c, 7c） . These observations could be confirmed by the white light interferometer analysis results, which revealed a similar mean surface roughness for the untreated Clearfil （0. 
DISCUSSION
In the present study, the shear bond strengths of lithium disilicate ceramics to resin composite surfaces and dental hard tissues were evaluated. It has been proven in various studies 17-19） that HF pretreatment of lithium disilicate ceramics followed by silanization showed favorable results even after long-term thermocycling. Further, thickness of the ceramic cubes in this study was 2.5 mm -adequately reflecting the clinical situation. In terms of evaluation method, shear bond strength test was chosen because it is commonly used for investigating the bond strength between various surfaces, luting agents, and ceramics 18-21） . Based on the results obtained in this study, both null hypotheses tested in the present investigation had to be rejected. Shear bond strength was significantly affected by the bonding surface, luting cement, and thermocycling. Additionally, the pretreatment procedures significantly affected the bond strength to composite resin surfaces. Only the untreated composite resin of Multicore revealed a significant reduction in bond strength after TC, whereas no influence of TC was observed in all other groups. This was in agreement with a recent study that evaluated the shear bond strength to ceramics 22） . Moreover, while weak bonding systems were disclosed after 100,000 cycles of TC, feldspathic ceramics etched with HF followed by silanization exhibited a durable and high bond strength even after TC 23） . The adhesive systems investigated in the present study were two-versus four-step etch-and-rinse adhesives. In particular, the higher dentin bond strength achieved with Syntac Classic/Tetric Flow as compared to Excite DSC/Variolink could be attributed to the different adhesive systems. It has been demonstrated that three-step etch-and-rinse adhesives bonded significantly stronger to dentin than did twostep etch-and-rinse adhesives 24） . Bond strengths to enamel and dentin were significantly higher compared to the untreated composite resin surfaces. It has been demonstrated that at 24 hours after the curing of Bis-GMA-based resin composites, most methacrylate groups on the surface remained unactivated 5） . Furthermore, the mentioned investigation showed that preparation or polishing of composite resin materials caused a considerable decrease in the quantity of double-bond content and led to a significant reduction in bond strength. As a result, a number of pretreatment procedures （e.g., etching with HF acid gel, air-borne particle abrasion, silica coating, silanization alone, or the use of adhesive resins）have been proposed to improve the bond strength to composite resin surfaces 8,25,26） . In the present investigation, the application of HF as a representative of a strong acid on the composite resin surface did not serve to increase the bond strength.
This was in agreement with other studies which demonstrated that irregular porous surfaces of composite resins after pretreatment with HF resulted in poor bond strength when compared with silica coating or air-borne particle abrasion 8,26） . Concerning the extent of filler erosion after HF application, it seemed to depend on the filler type. It has been reported that barium, silicate, strontium, and zinc glasses exhibited extended degradation on acid attack compared to quartz, silica and lithium aluminosilicates 27,28） . Multicore contained barium glass, whereas Clearfil Core contained silica（data provided by the manufacturers） . Accordingly then, the present SEM and white light interferometer observations revealed a moderate HF influence on the surface structure of Multicore, whereas none on the surface of Clearfil Core.
Due to the blasting pressure of the CoJet system that accompanied the silica coating procedure, the aluminum trioxide particles remained on the pretreated surface. Consequently, following the application of the silane coupling agent, the modified surface structure was rendered more reactive with the composite resins, resulting in chemical adhesion between both surfaces, and hence leading to increased shear bond strength
9）
. Previous studies have demonstrated a higher bond strength to various surfaces after silica coating 8,10,17） .
The increase in bond strength can be attributed to both the increase of surface roughness and the chemical bonding. Further, it has been demonstrated that silica coating resulted in higher bond strength to composite surfaces as compared to air-borne particle abrasion alone 8） . After CoJet treatment, the two resin core materials revealed differences in their bond strength in the present study: the composite resin Multicore showed a significantly higher bond strength value than Clearfil Core. This difference in bond strength value might stem from the difference in their flexural strength values: the flexural strength of Multicore （140 MPa） was higher than that of Clearfil Core （115 MPa）（Table 1） . Furthermore, analysis of the failure modes showed more cohesive failures in the CoJet-treated Clearfil group, which again might be related to the low flexural strength of this material（Table 3） . Cohesive failure within a bonded surface indicates that the adhesion of the luting agent to the bonded surface is higher than the shear bond strength of the material itself.
Another factor is the difference in filler size between both materials: Multicore contained fillers varying from 0.04 to 25μm, while the filler size of the material Clearfil Core ranged from 5 to 40μm （data provided by the manufacturers） . Thus, it can be speculated that the larger filler size led to the diminished effect of the CoJet system. Again, this speculation was in agreement with the SEM observations that showed a more uniformly roughened structure for the CoJet-pretreated Multicore surface versus the irregularly roughened, CoJet-pretreated Clearfil surface.
It must be highlighted that the application of the CoJet system onto composite resin surfaces under clinical conditions might also contaminate the surface of adjacent dental tissues. Therefore, the effect of this pretreatment procedure on bonding to dental hard tissues should only be of interest. A recent investigation of CoJet-pretreated, etched enamel bonded to various composites revealed a drastic reduction in bond strength when compared to untreated enamel 29） . Due to these results, etching of enamel should be performed after the application of the CoJet system to avoid destroying the microstructure of enamel. Notwithstanding, the influence of acid etchingafter the application of CoJet system -on bond strength to enamel should be further investigated in future studies.
CONCLUSION
In situations necessitating a resin core build-up to enable the preparation of an adhesive-oriented cavity, the ceramic restoration is usually bonded to both the dental hard tissue and composite resin material. Due to the lower bond strength values of ceramics to composite resins as compared to dental hard tissues, the stability of a ceramic restoration could be drastically reduced if a substantial amount of the restoration's inner surface is bonded to composite resin. In light of the results of the present study, indications of resin core build-up for the preparation of ceramic restorations should be considered carefully. Resin core build-ups can be recommended in situations where undercuts have to be filled and/or the temporary restoration does not protect the tooth against fracture without a resin core build-up. Nevertheless, further studies are clearly warranted to investigate the influence of resin core build-ups on the stability of bonded ceramic restorations.
